Nickel hexacyanoferrate (NiHCF) film was prepared and characterized on gold and thiol self-assembled monolayers (SAMs)-modified gold electrodes. It was found that the film exhibited some different electrochemical characteristics compared with that found on a carbon electrode. In the presence of K + , the film exhibited a redox peak at about 0.5 V. The peak potential shifted linearly with the K + concentration over the range of about 0.1 mM -0.1 M with slopes of 54 -60 mV per log[K + ]. However, in solutions containing Na + , Li + or NH4 + ion the film did not generate well-defined peaks, or even a visible redox peak. Therefore, the film showed a selective potential response to K + . The voltammetric behavior of NiHCF film varied with thiols, the preparation procedure and the solution pH. Under certain conditions, the characteristics of the film could be improved to some extent.
Since the pioneering work carried out by Neff and coworkers as well as Itaya and his group etc., [1] [2] [3] [4] [5] a great deal of attention has been paid to the fabrication and subsequent determinations of the electrochemical, spectral and impedance characteristics of various metal hexacyanoferrates. 6, 7 This is due to their attractive characteristics as well as many possible applications. Metal hexacyanoferrate films resemble both redox organic polymers and zeolitic material and have been applied in electroanalysis, 8, 9 electrochemical power sources 10 and electrochromic displays. 11 In electroanalysis, they are usually used as electrocatalysts, mediators for analysis and biosensors. Few papers have reported that metal hexacyanoferrate films exhibit a potential response to K + , because their formal potentials (i.e. (Epa + Epc)/2) change linearly with log[K + ]. 6, 12 Among them, nickel hexacyanoferrate (NiHCF) film has a better potential response, which can be further improved by adapting certain preparation procedures and optimizing the film composition. [12] [13] [14] [15] For example, a Ag(I)-stabilized Ni(II)-hexacyanoferrate film can be obtained by adding Ag(I) to the mixture of K3Fe(CN)6 and NiCl2, which gives improved selectivity for potassium. 12 The substrate also affects the formation, structure and property of NiHCF film. 15 Generally, the substrates used for the studies of NiHCF film are carbon, glass carbon, SnO2, and platinum. To our knowledge, there has been no report concerning the deposition of NiHCF on chemically modified electrodes, especially on thiol selfassembled monolayers(SAMs)-modified gold electrodes.
SAMs, particularly thiol SAMs, have been widely investigated during the last few decades. [16] [17] [18] [19] [20] These wellorganized organic films are well suited for electrochemical studies due to their simple preparative procedure, excellent stability, highly characterized structures and the ease by which interfacial properties can be controlled. [21] [22] [23] In general, through selecting proper self-assembling materials, specific surfaces can be exploited for certain purposes. Therefore, one of the important applications of SAMs is to modify electrodes, which can improve the electrode characteristics and control the deposition of some special materials onto the electrode surface. 24, 25 In the present work, we carried out a preliminary investigation on the deposition of NiHCF on various thiol SAMs-modified gold electrodes and the voltammetric characteristics of the resulting electrodes, particularly their potential response to K + . We sought to examine the effect of thiol SAMs on the deposition and the property of NiHCF film, and to provide a background for analogous study.
Experimental

Instrument
The electrochemical experiments were carried out on a CHI830 electroanalyzer (Shanghai, China) controlled by a personal computer.
A conventional three-electrode cell consisting of a gold working electrode (homemade, diameter 2.0 mm, mounted in a Teflon rod), a platinum wire auxiliary electrode and a saturated calomel electrode (SCE) was employed. The working electrode was polished with 0.3 µm alumina slurry, rinsed thoroughly with water, ultrasonicated and washed with water, then dried in air before use. The pH values were measured with a pHS-3C pH meter (Shanghai, China).
Reagents
Homocysteine (Hcys) (Tokyo Kasei), 2-mercaptobenzimidazole (2MBM) (Tokyo Kasei), 3-mercaptopropionic acid (3MPA) (purity: 98%, Fluka) and dodecanethiol (DDT) (Aldrich) were used as received. Other thiols were of reagent grade and purchased from chemical companies in China. The thiol solutions were prepared by dissolving DDT in ethanol, 2MBM in dimethylformamide (DMF) and Hcys, 3MPA etc., in doubledistilled water.
Experiment procedure
A NiHCF-modified gold electrode was obtained by cycling a gold electrode between 0.7 V and 0.3 V at 20 mV/s in a solution containing 0.5 mM Ni(NO3)2 + 0.1 mM K3Fe(CN)6 + 0.5 M KCl, unless stated otherwise. SAMs-modified gold electrodes were made by immersing clean electrodes into solutions of different thiols (0.05 M) for about 10 h; they were then ultrasonicated and washed with water.
The SAMs/Au electrodes were further modified with NiHCF to achieve Au/SAMs/NiHCF electrodes. The supporting electrolyte for the voltammetric measure was a 0.5 M hydrochloride solution; K + was added in a concentration from 0.1 mM to 0.1 M. Ion strength of test solutions was kept almost unchanged by adjusting the amount of HCl. Cyclic voltammograms (CVs) were recorded from 0.7 V to 0.2 V at a scan rate (v) of 20 mV/s, unless stated otherwise. All experiments were carried out at room temperature.
Results and Discussion
Effect of the ratio of Ni 2+ to Fe(CN)6 3- Figure 1 shows the typical CV describing the deposition process of NiHCF. The formation and growth of NiHCF film on a gold electrode is verified by a redox peak at about 0.58 V, which grows with potential-scan cycling repetitively ( Fig. 1  curve A) . There is another very small and broad redox wave centered at around 0.45 V, whose potential coincides with the potential of the ferro/ferricyanide system in solution. The two redox peaks/waves (i.e. peaks at 0.58 V and 0.45 V) can be ascribed to the Fe(CN)6 3-/4-transition in the potassium incorporated and potassium non-incorporated NiHCF, 15 3-] in the test solution is maintained at 5/2 or greater, the CVs pattern is similar, and the deposits give a set of sharp redox peak at around 0.58 V. The CVs of NiHCF depositing on SAMs-modified gold electrodes are similar to that on a bare gold electrode. However, the peak height, peak width and peak potential separation, particularly the capacitance current, give some difference ( Fig. 1 curve B ). For example, on a glutathione (GSH) SAM-modified electrode, the capacitance current and the peak potential separation (∆Ep) obviously decrease compared with those of NiHCF formed on a bare gold electrode. This results from the block function of SAMs to the deposition of NiHCF and the change in the electrode surface property in the presence of SAMs. When the ratio reduces to a smaller value, e.g. 10/7, a cathodic shoulder peak at about 0.53 V can be observed, which grows with repetitive cycling ( Fig. 1 curve C). While the peak height of the new peak increases, the redox peak at around 0.58 V is reduced following growth. This phenomenon is more easily achieved for a bare gold electrode and at small ratios. Following the deposition procedure, the electrode exhibits similar CV patterns in KCl blank solutions, which indicates that the shoulder peak is generated by the deposited film. Since the shoulder peak does not appear at the beginning, and it is easily gained at small ratios (i.e. the K3[Fe(CN)6] concentration is sufficiently high), it can be suggested to result from the reduction of another state/form of NiHCF, such as an outer deposited layer and an extra deposited layer. All NiHCF films prepared exhibited a potential response to the K + ion. In this work, the response slope, peak potential separation and CV pattern were measured to characterize the film.
Influence of thiols on the voltammetric behavior of NiHCF film
Various thiols were tested as self-assembled materials. It was found that gold electrodes modified with short-chain thiols show little difference from a bare gold electrode due to the 260 ANALYTICAL SCIENCES FEBRUARY 2001, VOL. 17 weak block role of SAMs (Table 1) . For example, the ∆Ep remains about 30 mV and the slopes (k) have a value of 55 -59 mV per log[K + ]. If the modifying time is prolonged, ∆Ep will be slightly increased. Thiols containing both heterocycle and aromatic ring, such as 2MBM and 2-mercaptobenzothiazole (2MBT), can form more dense SAMs on a gold surface as they suppress the peaks generated by K3Fe(CN)6 more seriously; they thus make the ∆Ep of NiHCF peaks greater than that on a bare gold electrode. However, they do not affect the potential response of NiHCF film to K + . DDT and GSH are both longchain thiols compared with homocysteine and 3MPA. Experiments have shown that NiHCF film formed on GSH SAM/Au exhibits a perfect potential response to K + (Fig. 2) . The redox peak seems to be more reversible than those in the presence of other thiol SAMs tested under identical conditions. The ∆Ep of the redox peak at about 0.59 V is 22 mV and the k was 54 mV per log[K + ] when the ratio of [Ni 2+ ] to [Fe(CN)6
3-] was 5/1. However, because a DDT SAM-modified electrode seriously hinders the electron transfer of the Fe(CN)6 3-/4-, the redox peak is small, broad and sometimes even indiscernible; here, ∆Ep reaches about 75 mV. Although the peak potential shifts with the K + ion concentration in this case, the film is not suitable for the detection of K + because the peaks are too broad and poorly defined for an exact measurement of peak potential.
Effect of anions on the potential response of NiHCF to K +
The influence of Cl -, SO4 2-, ClO4 -, Ac -and CH2ClCOO -were examined. Experiments showed that on a bare gold electrode, NiHCF film exhibits good potential response in 0.5 M HCl, H2SO4, HClO4 and CH2ClCOOH, especially in a CH2ClCOOH and HClO4 solution, in which the calculation plots exhibit a good linear relationship and the correlation coefficient reaches 0.9996 over the range of about 0.1 mM to 0.1 M. In other solutions, the linear range begins above 0.5 mM. This indicates that the linear range and detection limit can be improved by selecting blank solutions. In a HAc solution, the linear range is rather small (i.e. 0.1 mM to 0.01 M). When the K + concentration is above 0.01 M, the E-log[K + ] plot levels off. As for slopes (k) determined in the presence of different anions, they can be arranged in the following order: CH2ClCOOH≈HClO4≈H2SO4≈HCl>HAc ( Their ∆Ep was about 26 -30 mV, implying that the electrochemical process comprises composition of diffusioncontrol and surface reaction control. NiHCF film deposited on thiol SAMs/Au gives similar characteristics, such as on 3MPA SAM, the ∆Ep is greater in HCl than in the other solutions. In CH2ClCOOH and HClO4 solutions, ∆Ep reduces to 25 mV when the self-assembly time is 11.5 h. The slopes of (Epa + Epc)/2 vs. log[K + ] plots exhibit the following order as HClO4≈H2SO4≈HCl>CH2ClCOOH>HAc, which slightly differing from that of NiHCF deposited on a bare gold electrode. When 2MBM replaced 3MPA, the orders for the ∆Ep and k values remained almost unchanged. This indicates that as though anions almost do not affect the slopes and ∆Ep, they do effect the linear range, which coincides with the anions nonincorporated in NiHCF film. As for Ac -and CH2ClCOO -, their performance can be attributed to the weak acidity in solutions.
In our experiments, a slightly greater difference was observed for NiHCF film deposited on GSH SAM. Figure 3 shows the CV response of NiHCF film in the presence of different cation ions. For K + the CV is well-defined and it has sharp redox peak; for NH4 + the redox peak is also discernible. However, for the other ions examined, the CVs are distorted; hence, it is inconvenient for measurements. This phenomenon differs from that on carbon substrates, on which NiHCF exhibits good peaks for K + , Na + , Li + and NH4 + , and their CVs give two pairs of redox peaks. 15 This is attributed to the remarkable match between the K + radius and the channel size of NiHCF deposited on the above-mentioned substrates and the less facile permeability of Na + and Li + ions in the NiHCF film than the K + ion. Although the NH4 + radius is almost equal to the K + radius, NH4 + does not behave as K + , partly due to the interaction of NH4 + with Ni 2+ and 3MPA. It can be seen in Fig.  3 that the peak potential almost remains unchanged when the cation concentration changes from 1 mM to 0.01 M, except for the K + ion. That is to say, the NiHCF film can not show a potential response to other cations, but to the K + ion. This coincides with that on a bare gold electrode. If the electrode is replaced in a KCl solution, the cyclic voltammetric response typical of a KCl medium is regained after studies of the NiHCF modified electrode in any given electrolyte solution, as mentioned above. However, the peak height was reduced to some extent, partly due to the loss of NiHCF. This suggests that potassium has the maximum affinity to the analogous film. 15 Like 3MPA, other thiols exhibit a small effect on the CV pattern for every cation.
Influence of alkaline ions
Dependence of the peak potential separation (∆Ep) on the scan rate (v)
As can be seen in Table 3 , the peak potential separation (∆Ep) changes with the scan rate. When the scan rate increases, ∆Ep grows with it rapidly, indicating that the electrode process has kinetic characteristics and the reaction is relatively slow. As ∆Ep reduces with the K + concentration growing (also see Fig. 2 ), the electrode process is related to K + . In fact, the K + ion takes part in the electrode reaction, 26 which is the reason why the NiHCF film responds to K + . The important role of the K + ion is to neutralize the negative charge and to make the film maintain charge balance. When the potential moves rapidly enough, K + can not enter into or go out from the film in time to equalize the minus/plus charge. Thus, the net charge in the film makes electron transfer more difficult due to increased potential energy. It is clear from Table 3 that ∆Ep in the 2MBM column is greater than that in the other column, which should be ascribed to the block action of 2MBM SAM to the electron transfer. It is worth noting that the shift of the peak potential and the half-peak width of the anodic peak differ slightly from those of the cathodic peak when the scan rate and the K + concentration change.
This means that the release and combination of K + in the film is not totally reversible, which is related to the diffusion and migration rate of K + . It seems that K + goes out slightly more difficultly than it enters into the NiHCF film, because the half-peak width of the cathodic peak is affected more seriously by the K + concentration than that of the anodic peak. 
Influence of the pH and the stability of the NiHCF film
The solution pH affects the CVs of the NiHCF film in the presence of K + . When pH is higher than 3.0, the conditioned potential, (Epa + Epc)/2, remains a constant, and only the peak current decreases slightly. When the pH is lower than 3.0 the peaks shift with it ( Fig. 4 curve A) . For NiHCF film deposited on a bare gold electrode (the ratio of [Ni 2+ ] to [Fe(CN)6 3-] is 5/1), the peak potential shifts negatively by about 20 mV, and the peak shape remains unchanged when the pH value changes from 0.4 to 1.1.
NiHCF/2MBM/Au exhibits a similar characteristic to NiHCF/Au in this aspect. However, the ∆Ep caused by NiHCF film formed on 2MBM SAM/Au is affected slightly more than on a bare gold electrode by pH changing (Fig. 4 curve b) . Because the K + ion has higher affinity to NiHCF film and a more suitable radius than H + , NiHCF film deposited on the substrates mentioned above exhibits a good response to the K + ion at a different pH. As a whole, the pH shows a slight effect on the selective recognition of NiHCF film to K + . For NiHCF film prepared at different ratios, similar changing trends can be observed when the pH varies.
As reported in the literature, NiHCF film is not sufficiently stable, partly due to its relatively high solubility (10 -5 magnitude order). 13, 14, 27 The CV peak gradually reduces on repetitive cycling due to the loss of NiHCF. In 1 mM KCl plus 0.5 M HCl medium, the peak current caused by NiHCF/Au decreases by about 26% (for cathodic peak) and 46% (for anodic peak) after 10 circles at a scan rate 20 mV/s. NiHCF deposited on 2MBM SAM/Au exhibited a higher stability in the same medium. After 10 scan circles between 0.7 V -0.3 V, the peaks decreased by 11% and 13%, respectively. It seems that this NiHCF film is more stable than that formed on 3MPA SAM/Au (39% and 41% reduction) under identical conditions. However, while the peak height is reduced, the peak potential still remains unchanged, so their potential response to the K + ion is nearly not affected.
Conclusions
NiHCF film has a zelolitic structure, which allows only certain ions to penetrate into and to pass out of the channels of NiHCF. NiHCF deposited on a gold electrode exhibited higher selectivity for K + than that on a carbon substrate. When a gold electrode was modified with thiol SAMs, the property of the NiHCF film could be improved to some degree.
